Additional index words. Capsicum annuum, water-soluble antioxidant capacity, phenolics, vitamin C, ascorbic acid, nutrition Abstract. In this work, 29 pepper cultivars that represent the diversity of types and varieties grown in Turkey were analyzed for water-soluble antioxidant capacity and phenolic and vitamin C contents. In addition, 14 non-Turkish cultivars were tested for comparison. Significant diversity was observed in the different cultivars with the most variation (7.4-fold) seen for total antioxidant capacity, which ranged from 2.57 to 18.96 mmol Trolox/kg. Vitamin C content for the peppers ranged from 522 to 1631 mgÁkg -1 , a 3.1-fold difference, whereas total phenolic content for the pepper cultivars ranged from 607 to 2724 mgÁkg -1 , a 4.5-fold difference. When cultivars were grouped by morphology/ use, it was found that some types had significantly more variation and higher antioxidant activities than other types. Thus, for water-soluble antioxidant capacity, most variation was seen in long, blunt-ended C xarliston types, whereas long, pointed Sivri peppers had the highest mean capacity. Bell-shaped Dolmalik and Sivri peppers had the most variation for phenolic content, but fancy Sü s and Sivri types had the highest means for this trait. Dolmalik types showed the most variation for vitamin C content, whereas Süs and Sivri peppers had the highest means for this character. All three parameters were significantly and positively correlated with the strongest correlation between total antioxidant capacity and phenolic content (r = 0.71). The presence of significant variation for antioxidant content in Turkish germplasm indicates that this material can be used for improvement and genetic mapping of nutritional content in pepper.
Based on the American Dietetic Association definition (Bloch and Thomson, 1995) , pepper (Capsicum annuum) can be considered a functional food because it contains high levels of certain compounds that have beneficial effects for humans. Pepper contains vitamins A, B, C, and E and phytochemicals such as phenolic compounds, carotenoids, and capsaicin (USDA Nutrient Data Laboratory, 2007) . These compounds are reported to have a multitude of favorable effects for humans, including antioxidant, anticarcinogenic, antimutagenic, antiaging, and antibacterial properties (Chu et al., 2002; Ferrari and Torres, 2003; Surh and Seoul, 2002) . Antioxidants are of particular interest because they reduce free radicals and reactive oxygen species (ROS). ROS and other free radicals are generated as part of normal cellular metabolism and in response to environmental factors such as ultraviolet irradiation (Halliwell, 2006) . Accumulation of these highly reactive molecules in cells can damage cellular components, including lipids, membranes, nucleic acids, and proteins. This oxidative stress directly or indirectly results in many human diseases such as cardiovascular disease and cancer (Percival, 1998) . In addition to their role in defense against human diseases, antioxidants have an important role in plants' defense system and are produced in response to both biotic and abiotic stresses, which generate ROS in plants (Sakihama et al., 2002; Slater et al., 2003) .
One commonly used approach for determining antioxidant capacity of plant extracts is measurement of the total hydrophilic or lipophilic antioxidant capacity of the extract (Cao et al., 1996; Chu et al., 2002; Halvorsen et al., 2002; Ou et al., 2002; Pellegrini et al., 2003) . This allows detection of all water or lipid-soluble antioxidants in the extract and takes into account any synergistic effects between individual antioxidants. Alternatively, individual antioxidants can be extracted and characterized. For example, vitamin C is a water-soluble antioxidant that neutralizes superoxide, hydrogen peroxide, and hydroxyl radical (Podsedek, 2007) . Vitamin C also reduces tocopheroxyl radicals to regenerate the antioxidant form of vitamin E (Davey et al., 2000) . Phenolic compounds are the largest category of phytochemicals and include flavonoids, phenolic acids, and phenols. These compounds are water-soluble and are excellent antioxidants because their structure allows them to easily donate hydrogen molecules to free radicals (Podsedek, 2007) . Lipophilic antioxidants include compounds such as vitamin E, carotenoids, and conjugated phenolics (Podsedek, 2007) .
Recent surveys of commonly consumed vegetables indicated that both red and green peppers have high levels of total antioxidant capacity as compared with other crops. In three separate studies, pepper ranked first with higher total antioxidant capacity (determined by summing the values for hydrophilic and lipophilic antioxidant fractions) than other vegetables such as broccoli, carrot, spinach, and kale (Chu et al., 2002; Halvorsen et al., 2002; Ou et al., 2002) . Other researchers found that pepper antioxidant capacity was only exceeded by that of spinach (Pellegrini et al., 2003) . In addition to high total antioxidant capacity, pepper was found to be a good source of phenolic compounds, ranking fourth in total phenolic content after broccoli, spinach, and onion (Chu et al., 2002) . In addition to their antioxidant role, phenolic compounds contribute to fruit color, flavor, and pungency (Estrada et al., 2002) .
In the past, plant breeders focused on agronomically important traits such as yield and disease resistance. However, with increased demand from informed consumers for more nutritional and diverse fruits and vegetables, breeders are turning their attention to traits such as improved phytochemical content. Improvement of these traits by breeding is difficult because of their polygenic nature. However, if the genes controlling the character of interest are identified and localized, molecular breeding techniques (i.e., marker-assisted selection) can be used for trait improvement. For breeding efforts to be successful, variation for the trait(s) must be present in the species of interest. Thus, a first step toward improving the antioxidant content of a crop like pepper is a systematic screen of germplasm for the trait(s). Numerous studies examined the total antioxidant, vitamin C, and phenolic contents of pepper; however, these studies commonly used one or a few cultivars and examined the effects of factors such as maturity and growth/environmental conditions, including salinity and organic management (for example, Chassy et al., 2006; Deepa et al., 2007; Gnayfeed et al., 2001; Howard et al., 2000; Marin et al., 2004; Navarro et al., 2006) . Fewer researchers analyzed these compounds in multiple pepper genotypes. Notable exceptions include the work of Deepa et al. (2006) and GuilGuerrero et al. (2006) . In each of these studies, 10 C. annuum cultivars were examined for their nutrient composition, including total antioxidant activity and vitamin C and carotenoid contents. Antonious et al. (2006) also examined variability for antioxidants in pepper, including 17 accessions from four species: C. annuum, C. chinense, C. baccatum, and C. frutescens.
Turkey ranks second in worldwide pepper production with 1,745,000 t produced in 2005 (Food and Agriculture Organization of the United Nations, 2005). Peppers are also an important part of Turkish cuisine and are consumed fresh, pickled, grilled, and stuffed as well as in salads and as a component of cooked dishes. In the present study, genotypic variation for antioxidants in pepper was studied by analyzing total water-soluble antioxidant capacity, phenolic content, and vitamin C content in 43 pepper cultivars, including 29 Turkish accessions. Fourteen non-Turkish cultivars grown in Turkey or worldwide were also analyzed. These foreign cultivars included standard, widely grown varieties such as 'California Wonder' and 'Yolo Wonder'. Only water-soluble antioxidant capacity was measured because previous studies indicated that, compared with hydrophilic antioxidants, lipophilic antioxidants contribute very little to the total antioxidant capacity of pepper. For example, Wu et al. (2004) found that antioxidant capacity of the lipophilic fraction represented only 4.6% of the total antioxidant capacity. Similarly, Navarro et al. (2006) found that the antioxidant capacity of the lipophilic fraction of green fruits was less than 1% of that for the hydrophilic fraction. Significant genetic diversity was detected in the water-soluble antioxidant capacities and components of the tested pepper accessions and candidate lines were identified for future breeding programs. Breeding of higher antioxidant pepper cultivars could help improve human health because a diet rich in fruits and vegetables is considered to be the most important protection against many types of diseases (Ferrari and Torres, 2003) .
Materials and Methods
Plant material. Seeds for the Turkish cultivars were obtained from the Turkish National Germplasm Collection at the Aegean Agricultural Research Institute (AARI, Izmir, Turkey) and from the Atatürk Central Horticultural Research Institute (Yalova, Turkey). Seeds for the other cultivars were obtained from the Center for Genetic Resources, The Netherlands, and from seed distributors in Turkey and the United States (Table  1) . Seeds were planted in a climate-controlled greenhouse in Apr. 2006 and three to five replicate plants were grown for each accession. Although some cultivars are consumed when they are red, to standardize the results, all fruits were harvested at the mature green stage in July and August and samples were stored at -20°C until assays were performed. All assays were completed within 1 month of harvest.
Determination of antioxidant capacity. For the extraction of antioxidants, a 150-g sample was taken from at least four individual peppers and was homogenized with 150 mL cold distilled water for 2 min at low speed in a Waring blender (Model HGB2WTS3; Waring Corp., Torrington, CT) equipped with a 1-L double-walled stainless steel jar chilled by circulating water at 4°C. The samples were deseeded before homogenization with the exception of two very smallsized peppers ('Arnavut Biber' and 'Variegated Flash'), which are consumed with seeds. For cultivars with small fruits, a 50-g sample was homogenized with 50 mL distilled water using a 200-mL jar and the same homogenization conditions. A 20-g sample of fruit pulp was then filtered through four layers of cheesecloth. The filtrate was further clarified by centrifugation at 3000 · g for 10 min at 4°C. The clear supernatant was used for the determination of antioxidant capacity according to the method of Re et al. (1999) . In this method, ABTS [2,2#-azinobis-(3-ethyl-benzothiazoline-6-sulfonic acid)] radical cation decolorization caused by the test samples was monitored by spectrophotometer (Model 1700; Shimadzu, Kyoto, Japan) at 734 nm. The reaction mixture contained 2 mL potassium persulfate oxidized ABTS radical solution in phosphate-buffered saline at pH 7.4 and 2.5, 5. or 7.5 mL of extract [or 20 mL of Trolox (0.0045-0.03 mmol in reaction mixture) to prepare the standard curves]. The decrease in absorbance of each sample was monitored for 6 min and tests were conducted three times at each sample volume for each supernatant. Percent inhibitions at 1, 3, and 6 min were then plotted against sample volume. The slope for each line (1, 3, and 6 min), which indicated the percent inhibition of the sample per microliter, was determined and graphed against time using KaleidaGraph (Synergy Software, Reading, PA). This software was also used to calculate the area under the curve (AUC). This value and the AUC for the Trolox standard curve were used to calculate antioxidant capacity values, which were expressed as mmol Trolox/kg fresh weight (FW) of peppers.
Determination of total phenolic content. For determination of total phenolic content, homogenates were prepared as described for antioxidant capacity determination. After centrifugation, the clear supernatant was used for the determination of total phenolic content according to the method of Singleton and Rossi (1965) using Folin-Ciocalteu as the reactive reagent and gallic acid as the standard. Briefly, 2 mL of sample extract was mixed with 10 mL 2 N (10%) Folin-Ciocalteu's reagent. After 3 min, 8 mL 0.7 M sodium carbonate was added. The reaction mixture was incubated for 2 h at room temperature and absorbance measured at 765 nm in a spectrophotometer. Three replicates were measured for each supernatant sample. The results were expressed as milligrams gallic acid equivalents/kg FW of peppers.
Determination of vitamin C content. Vitamin C content was determined by the AOAC 967.21 titrimetric method (Augustin, 1994 ) using 2,6-dichloroindophenol as the reactive substance and L-(+)-ascorbic acid for calibration. The extractions were conducted by homogenization of 100 g peppers without seeds (taken from at least four individual fruit) with 115 mL acetic acid-metaphosphoric acid extraction solution for 2 min at low speed in a Waring blender at 4°C. A 35-g sample of each homogenate was diluted with extraction solution to a final volume of 100 mL. This dilution was filtered and used in titration. For each diluted pepper extract, the vitamin C content of three replicate samples was measured. The results were expressed as milligrams vitamin C/kg FW of peppers.
Statistical analyses. Total water-soluble antioxidant capacity, total phenolic content, and vitamin C content of the pepper fruits were analyzed using analysis of variance and Fisher's protected least significant difference. Analyses were performed across all cultivars and also across cultivars grouped by morphology/use type as explained in the ''Results and Discussion.''
Results and Discussion
The 43 pepper accessions analyzed in this work included both Turkish and non-Turkish cultivars (Table 1) . Most (25 of 29) of the Turkish lines were obtained from the National Germplasm Collection at AARI representing the diversity of pepper accessions grown in the country. These lines included varieties such as 'Ayas x' and 'Kale', which are grown throughout Turkey as well as regional cultivars that are grown only in specific areas. An example of such a cultivar is the accession 'Aci Biber' (meaning literally, hot pepper) from Gaziantep in southeastern Anatolia, a region that is famous for its hot peppers. Also included were 14 non-Turkish varieties, including F 1 hybrids such as 'Apollo' and 'Cecil' that are grown in Turkey and standard cultivars that are grown throughout the world. For comparison, the peppers were classified into five groups based on their morphology or primary use. These classes were: bell-type (Dolmalik) peppers that are used for stuffing; long, pointed (Sivri) peppers and long, bluntended Charleston-type (C xarliston) peppers that are often consumed raw; small-fruited ''fancy'' (Süs) peppers that are eaten fresh or pickled; and paste (Salc xalik) peppers that are processed into paste. However, these classes cannot be considered definitive because each pepper type is not used exclusively for only one purpose. For example, paste peppers can also be stuffed. Representative fruits of each type are shown in Figure 1 . Most classes included both pungent (hot) and sweet pepper accessions with 15 hot and 28 sweet cultivars (Table 1) .
Total water-soluble antioxidant capacity. Significant variation in total water-soluble antioxidant capacity was observed in the analyzed pepper cultivars. Values ranged from 2.57 to 18.96 mmol Trolox/kg, a 7.4-fold difference (Table 2 ). The five cultivars with highest antioxidant activities were all Turkish cultivars: Ege-91, Yalova Tatli Sivri Biber, Domat Biberi, Finli Biber, and Ayas x. All of these are Sivri types with the exception of 'Domat Biber', which is a stuffing pepper. Mean antioxidant capacity for all lines was 7.47 ± 0.59 (SE) mmol Trolox/kg. Because many different methods are used to determine total antioxidant capacity of fruits and vegetables, direct comparison of the results of the present study with those of other researchers is difficult. However, using a similar method, Pellegrini et al. (2003) found that green chili peppers had a Trolox-equivalent antioxidant capacity of 7.62 mmolÁkg -1 , a value that is similar to the mean water-soluble antioxidant capacity (7.47 mmolÁkg -1 ) of the cultivars used in this work.
When peppers were grouped by type, it was clear that some types had significantly higher antioxidant activities (Table 3) . Sivri types had the highest mean antioxidant capacity closely followed by Süs types. Dolmalik and C xarliston types had intermediate levels, whereas Salc xalik types had the lowest mean level of antioxidant capacity, which was 2.8-fold lower than the mean for Sivri types. It must be noted, however, that Salc xalik types are usually consumed when they are red. At this stage of maturity, these peppers may have considerable lipophilic antioxidant capacity because of their high carotenoid content. Some types of peppers showed more variation for antioxidant capacity among accessions (Fig. 2) . Although only five C xarlistontype cultivars were tested, this type showed the most variation with a 4.9-fold difference between the cultivars with the highest (C xarliston) and lowest ('Yalova C xarliston 341') activities. Similarly, Dolmalik and Sivri types showed 4.6-and 4.1-fold differences in total antioxidant capacity, respectively. In contrast, Salc xalik and Süs pepper types were more uniform having only 1.8-and 1.4-fold differences in capacity, respectively.
In comparison with F 1 hybrids and standard varieties, some Turkish cultivars showed dramatically higher antioxidant activities. For example, 'C xarliston Biber' (Bursa) had at least 2.4-fold greater antioxidant capacity than the non-Turkish C xarliston types (Fig. 2) . The three Turkish Süs pepper types also had significantly higher antioxidant activities than the other three Süs cultivars.
Total phenolic content. Total phenolic content in the pepper cultivars ranged from 607 to 2724 mgÁkg -1 , a 4.5-fold difference in content (Table 2 ). This range of phenolic content was similar to that reported by other researchers (Antonious et al., 2006; Chassy et al., 2006) . The five cultivars with the highest phenolic content included four Turkish cultivars [Ege-91, Finli Biber, Arnavut Biber (sivri), and Menderes] and one nonTurkish cultivar (Variegated Flash). All of these peppers except for 'Variegated Flash' are Sivri types. 'Variegated Flash' is a Süs type and was one of the two cultivars for which the fruit extract contained seeds. It was reported that seeds are a source of phenolic compounds in pepper (Velioglu et al., 1998) . Therefore, the high phenolic content of 'Variegated Flash' may be attributable to its seeds. However, the other cultivar that had seeds in its extract ('Arnavut Biber') did not have especially high phenolic content. Mean phenolic content for all lines was 1316 ± 72 (SE) mgÁkg -1
. Süs and Sivri types had significantly higher mean phenolic content than the other three types of pepper (Table 3) . Dolmalik and Sivri types showed the most variation in phenolic content with %3-fold variation in these cultivars (Fig. 3) . The least variation was seen in Salc xalik types.
As with antioxidant capacity, some Turkish lines had significantly higher phenolic content than the non-Turkish cultivars. For example, the Dolmalik types, 'Domat' and 'Aci Biber' (Gaziantep), had significantly higher phenolic content than 'Yolo Wonder' and 'Apollo F 1 ' (Fig. 3) . 'C xarliston Biber' also had significantly higher phenolic content than the F 1 hybrid 'Raspires' and cultivar 'Farya'.
The total phenolic content of pepper as measured by the Folin-Ciocalteu assay encompasses a wide diversity of compounds, including simple phenols, phenolic acids, flavonoids, lignin precursors, capsaicinoids, and reducing sugars (Howard et al., 2000) . Individual flavonoids, including luteolin, quercetin, and kaempferol (Chassy et al., 2006; Howard et al., 2000) , were measured in pepper and some recent studies provided detailed qualitative and quantitative characterization of pepper phenolic compounds (Marin et al., 2004; Materska and Perucka, 2005) .
Vitamin C content. Vitamin C content in the peppers ranged from 522 to 1631 mgÁkg -1 , a 3.1-fold difference in content (Table 2 ). This range of vitamin C content was similar to that seen in other studies (Antonious et al., 2006; Chassy et al., 2006; Deepa et al., 2006; Howard et al., 2000; Marin et al., 2004) . A notable exception is the work of Guil- Guerrero et al. (2006) , which reported vitamin C contents of 100 to 380 mg/100 g for 10 pepper cultivars grown in Spain. The five cultivars with highest vitamin C content included three Turkish and two non-Turkish cultivars. These lines were 'Arnavut Biber', 'Ege-91', 'Yolo Wonder', 'Yalova Tatli Sivri Biber', and 'Cherry Pick' with vitamin C content averaging 990 ± 47 (SE) mgÁkg -1 . Interestingly, 100-g serving sizes of all but four of the cultivars assayed in this work supply 100% of the daily Recommended Dietary Allowance of vitamin C, 60 mg (Table 2) . Similarly, the majority of the cultivars (67%) meet the more recently devised Dietary Reference Intake for vitamin C, which averages between 75 and 90 mg for adult women and men, respectively (International Food Information Council, 2002) . Sivri and Süs types had the highest mean vitamin C content (Table 3) . Dolmalik types showed the most variation in vitamin C content with a 2.9-fold range in concentration (Fig. 4) . The other pepper types had 1.5-to 2.0-fold variation in vitamin C content.
Turkish Sivri, Süs, and C xarliston-type pepper lines had significantly higher vitamin C content than non-Turkish cultivars. However, 'Yolo Wonder', a non-Turkish cultivar, had the highest vitamin C content of the Dolmalik types (Fig. 4) .
Relationship between pungency and antioxidant capacity. To determine the relationship between pepper pungency and antioxidant capacity, mean values for hot and sweet types were compared (Table 3) . Hot types had higher total antioxidant capacity, phenolic content, and vitamin C content; however, the difference between means was only statistically significant (P < 0.05) for phenolic content (Table 3) . This was not unexpected because capsaicin, the compound that gives peppers their pungency, is a capsaicinoid, a type of phenolic compound (Estrada et al., 2002) .
Correlation between antioxidant parameters. All three antioxidant parameters showed statistically significant (P < 0.05) correlations between each other. The strongest correlation was between total antioxidant capacity and phenolic content (r = 0.71). There were also significant positive but weaker correlations between total antioxidant capacity and vitamin C content (r = 0.51) and between vitamin C and phenolic content (r = 0.31). Other researchers observed significant correlations between total antioxidant capacity and its components. Significant positive correlations were seen between total antioxidant capacity and phenolic content in pepper (Deepa et al., 2007) , tomato (Hanson et al., 2004) , eggplant (Hanson et al., 2006) , cranberry (Wang and Stretch, 2001) , and blueberry (Howard et al., 2003) . Antonious et al. (2006) reported a much stronger correlation between phenolic and vitamin C content (r = 0.97) than that reported in the present study. The correlations between the different antioxidant components were also apparent when the pepper cultivars were ranked by the value for each measured parameter (Table 2) . Thus, 'Ege-91', Within each column and grouping, values followed by different letters are significantly different at P < 0.05 as determined by Fisher's protected least significant difference. which ranked first for total antioxidant capacity, also ranked first for phenolic content and second for vitamin C content. The correlations were especially obvious when cultivars were ranked within each type (Sivri, Dolmalik, and so on, Figs. 2-4). Within their type categories, 'Ege-91' (Sivri) and 'C xarliston Biber' ranked first for all three parameters. 'Domat Biberi' ranked first for total antioxidant capacity and phenolic content and third for vitamin C content in the Dolmalik types. Similarly, 'Salc xalik Biber' from Gaziantep ranked first, second, and third for total antioxidant capacity, phenolic content, and vitamin C content, respectively. Such correlations were expected because the total antioxidant capacity assay measured the activity of all water-soluble antioxidants, including phenolics and vitamin C.
Conclusions
The genetic diversity present in Turkish pepper germplasm for total water-soluble antioxidant capacity, phenolic content, and vitamin C content can be exploited for the development of populations for identification and genetic mapping of the loci controlling these traits in pepper and for the breeding of cultivars with improved antioxidant capacity. 'Ege-91' was the best cultivar for all three antioxidant parameters and is a good candidate for improvement of antioxidants in Turkish peppers, especially in Sivri types. Similarly, 'Domat Biber' would be a good candidate for improvement of total antioxidant capacity and phenolic content of Dolmalik-type peppers. Development and consumption of pepper cultivars with high antioxidant activity may help decrease the incidence of certain types of diseases in humans. It will also be interesting to see if these improved cultivars have increased tolerance to biotic and abiotic stress.
